Different authors have modelled myofascial tissue connectivity over a distance using cadaveric models, but in vivo models are scarce. The aim of this study was to evaluate the relationship between pelvic motion and deep fascia displacement in the medial gastrocnemius (MG). Deep fascia displacement of the MG was evaluated through automatic tracking with an ultrasound. Angular variation of the pelvis was determined by 2D kinematic analysis. The average maximum fascia displacement and pelvic motion were 1.501 AE 0.78 mm and 6.55 AE 2.47°, respectively. The result of a simple linear regression between fascia displacement and pelvic motion for three task executions by 17 individuals was r = 0.791 (P < 0.001). Moreover, hamstring flexibility was related to a lower anterior tilt of the pelvis (r = 0.544, P < 0.024) and a lower deep fascia displacement of the MG (r = 0.449, P < 0.042). These results support the concept of myofascial tissue connectivity over a distance in an in vivo model, reinforce the functional concept of force transmission through synergistic muscle groups, and grant new perspectives for the role of fasciae in restricting movement in remote zones.
Introduction
Fascia is a term derived from Latin meaning band or bandage (Benjamin, 2009) . Within the field of anatomy, no area creates more confusion in terminology than the fasciae systems. For some authors, 'fascia' only includes densely banded connective tissues, where fibres have more than one dominant direction (Benetazzo et al. 2011 ). Other authors include within 'fascia' sheets of soft, transparent tissue, such as the hypodermis or subcutaneous tissue (Schleip et al. 2012) . Importantly, Stecco (2015) defined the aponeurotic fascia as the deep fascia. Anatomically, two types of fasciae are generally considered: the superficial fascia, which is part of the subcutaneous tissue; and the deep fascia, which considers the connective tissue surrounding muscular groups (Benjamin, 2009) . The term aponeurosis is used to describe flattened tendon fibres, whether intra-or extramuscular (Dauber, 2007) . Aponeurosis is generally found within muscular tissue, such as a developing tendon. Moreover, in some wide muscles, such as the oblique abdominal muscles, the aponeurosis extends beyond the muscular tissue, thus making it visible upon dissection. For the purpose of this study, fascia was defined as the connective tissue constituted by irregularly arranged collagen fibres, as represented by a superficial fascia, present within the subcutaneous tissue, and a deep fascia, distinguished as the connective tissue surrounding and splitting the muscle groups. Moreover, fasciae are distinct from the parallel arrangement of collagen fibres present in structures, such as ligaments, tendons or aponeurosis (Standring, 2008) .
A myofascial bond involves a close link between the deep fascia and the actual muscular tissue, and these structures cannot separate in terms of movement. The myofascial complex helps to modulate the transmission of force by muscles (Stecco, 2015) . Moreover, several anchoring points are of interest, such as the juncture between the sacrotuberous ligament and the myofascial complex of the hamstring muscles. Recent studies using magnetic resonance have confirmed the continuity that exists between the sacrotuberous ligament and the tendon group of the semitendinosus and biceps femoris muscles, therefore establishing a clear point of force transmission between these anatomical elements (Bierry et al. 2014) .
Additionally, the gastrocnemius muscle presents multiple fascial insertions and connections that connect with neighbouring structures, such as the hamstring and soleus. It is important to consider that the triceps surae muscle complex is formed by the two heads of the gastrocnemius and the soleus, varying in arrangement of their respective aponeuroses. The aponeurosis of the soleus is located on the superficial face, whereas the aponeurosis of the medial gastrocnemius (MG) is located deep within the complex. Independent of this, these aponeuroses do not bond until reaching the inferior myotendinous junction, a point that is continued by the Achilles tendon. The deep fascia of the popliteal region extends between the borders of the popliteal fossa and the superior hamstring muscles and the inferior gastrocnemius, thus creating a connection between both muscles (Latarjet & Ruiz-Liard, 2004) .
In an in vivo context, muscle is not an isolated entity, as myofascial tissues mechanically connect neighbouring muscular and non-muscular structures (Yucesoy, 2010) . Indeed, the tension produced by the muscle is transmitted not only by the tendon, but also inside and around the muscle by the endomysium, perimysium and epimysium and by extramuscular connective tissues, such as the deep fasciae and the neurovascular tract (Huijing, 2009; Maas & Sandercock, 2010; Purslow, 2010) . This degree of connectivity is complemented by the intermuscular septa, fascial compartments and tendon sheaths, as well as by the bone through the periosteum (Stecco et al. 2006) .
Several studies support the concept that connective tissue participates in the transmission of myofascial force (Huijing & Baan, 2008; Yucesoy et al. 2010) . For example, the thoracolumbar fascia responds to the mechanical traction induced by muscular activity in order to effectively transfer the load between the spine, pelvis, legs and arms (Vleeming et al. 1995) . This connectivity of fascial tissue has been observed in cadavers, suggesting fascial continuity at different regions between the pelvis and feet (Gerlach & Lierse, 1990) . Furthermore, fasciae play an important role not only in the transmission of force but also in proprioception, as supported by the encapsulated receptors observed in fasciae, specifically the Ruffini and Pacini corpuscles (Schleip, 2003; Stecco et al. 2007 ).
Although the force transmission and proprioceptive functions of fasciae are known, biomechanical models seem to fail to account for the former, and this failure to account for the force transmission could mean misinterpreting the true extent of biomechanical complexity (Carvalhais et al. 2013) . Therefore, studying the deep fascia has become a focal point for scientists and manual therapists (Grimm, 2007) . However, in vivo models demonstrating myofascial tissue connectivity over a distance are scarce (Carvalhais et al. 2013) . Indeed, some authors have questioned the existence of myofascial force transmission in response to the physiological motion of joints (Herbert et al. 2008; Maas & Sandercock, 2008) . Thus, an integrated comprehension of the myofascial connectivity paradigm and its respective therapeutic bias would help to support the theory of fascial connectivity over a distance, as previously observed in cadaveric dissections (Vleeming et al. 1995; Myers, 2001; Stecco et al. 2009 ).
The aim of the present study was to demonstrate the relationship between pelvic motion when seated with the knees extended with the displacement of the deep fascia of the MG of the dominant limb during pelvic anteversion.
Materials and methods

Subjects
With the approval of the local Health Service, 17 asymptomatic, sedentary young male individuals were recruited. Individuals were excluded if they presented any current or former neuromusculoskeletal dysfunction, any pathological condition of the spine, preexisting systemic rheumatological condition, or any current or chronic respiratory disease. Ethical approval was obtained from the Northern Metropolitan Health Service of Santiago, Chile, and informed consent from each participant was required.
Equipment
A 5-10-MHz linear transducer (SonoSite Titan; Sonosite, Bothell, WA, USA) was used. Ultrasound videos were recorded at a depth of 39 mm and a sampling rate of 30 frames per second (fps) with a video camera (Pinacle Dazzle DVD Recorder HD).
For 2D video-photogrammetric analysis of pelvic motion, a GoPro Hero 3 (GoPro, San Mateo, CA, USA) camera was used at a recording rate of 60 fps and resolution of 1440 9 1440 pixels. Synchronization between pelvis kinematics and the detection of deep fascia displacement of the MG was performed offline with pressure sensors.
Procedure and task execution
For each individual, the range of joint motion (ROM) of the dominant limb was evaluated with a universal goniometer. Hamstring elasticity was determined using the active knee extension test, which has excellent reliability for both intra-and inter-raters (Hamid et al. 2013) . To determine the ROM, 180°was subtracted from the range obtained in the test. The elasticity of the MG was evaluated by weight bearing. This measurement provides a reliable evaluation with low measurement error, even by inexperienced raters (Konor et al. 2012) .
Pelvic motion during the exercise was determined according to established 2D marking protocols (Kuo et al. 2009 ). The accurate application of this protocol must follow certain recommendations to diminish the soft tissue artefact (STA), especially on the anterior superior iliac spine. For instance, this measurement must be taken in young subjects (Kuo et al. 2008 ) with a healthy weight (Vanneuville et al. 1996) . Furthermore, studies recommend not exceeding 90°of hip flexion because this can produce a range of error of À2 AE 1° (Hara et al. 2014 ).
The ultrasound equipment transducer was positioned on the muscle belly of the MG on the dominant limb using a fixing device that was composed of a thermoplastic polymer and two elastic bands with Velcro (Fig. 1) .
The task was rehearsed for 5 min prior to measurements. Subsequently, the individual rested for 10 min. Each individual was asked to perform the exercise three times. Each task consisted of moving from maximum retroversion of the pelvis, with the hips at 80°, knees fully extended and ankles at 0°, to a position of pelvic anteversion. To ensure that movement only occurred at the pelvis, the knee was fixed at full extension by a strap across the patella, which was adjusted as tightly as possible without causing pain or irritation for the subject. The task was considered successful if movement was only recorded for the pelvis and, if this condition was not met, then the test was nulled. Task execution was standardized with a metronome, and the individual had to move from pelvic retroversion to anteversion within 4 s (Fig. 2) .
2D tracking of the pelvis and deep fascia displacement of the MG tracking
Measurement was performed by a three-stage automatic method: (i) tracking of the pelvis; (ii) deep fascia displacement of the MG tracking; and (iii) manual method comparison.
To track the markers of the pelvis, Lucas-Kanade affine template tracking (Kroon, 2009 ) was used based on automatic range of interest (ROI) tracking. Finally, the pelvis angular variation curve during the retroversion-anteversion cycle was measured with a low-pass 6-Hz filter (Winter et al. 1974 ).
To determine deep fascia displacement of the MG, a LucasKanade tracker with pyramid and iteration (Wiggin, 2009 ) was used. This method has also been used to evaluate deep fascia displacement of the MG near the myotendinous junction (Magnusson et al. 2003; Bojsen-Møller et al. 2004 Stenroth et al. 2012; Peltonen et al. 2013 ). This algorithm is accurate in regards to a known distance (10.0 mm) to 0.2 mm. This indicates an acceptable degree of precision and a repeatability of 98% for the measurement of the deep fascia of the MG (Magnusson et al. 2003 ) during isometric contractions.
In this study, the code implemented for follow-up of the fascia consisted of determining a ROI, in which a line was traced above the deep fascia of the MG. The width of the ROI was 1.42 mm. Within the ROI, 9 pixels to greater represent the sample were automatically detected with the points detect SURF Features MATLAB â software function. Lucas-Kanade pyramidal tracking was implemented in such a manner that if the standard deviation of pixel displacement was greater than 1, this pixel would be removed, leaving at least 6 pixels for analysis in order to average the final displacement.
To establish the reliability of the displacement of the deep fascia during MG tracking using tracking of pelvic markers, the maximum value obtained by automated tracking vs. manual tracking was offset using the Bland-Altman plot method in 20 videos.
Data analysis
All of the data were analysed with SPSS software (v. 22.00 for Windows, IL, USA). A P-value of < 0.05 was considered Fig. 1 Placement of the ultrasound transducer. Fig. 2 Retroversion-anteversion cycle. statistically significant. To evaluate normal data distribution, a Shapiro-Wilk test was used. All data had a normal distribution except for the hamstring elasticity of the dominant limb variable. To establish the reliability of the proposed model, intrasubject reliability for deep fascia displacement of the MG and maximum anteversion ROM was determined by using the intraclass correlation coefficient.
To analyse the correlation of averages between different variables for the three tests, the Spearman and Pearson correlations were used according to the normality test. The levels of correlation were categorized as low (r > 0.3), mid (r ≤ 0.6) and high (r > 0.6) correlations (Portney & Watkins, 2009 ).
Finally, a simple linear regression was performed between the ROM variables of the pelvis and displacement of the fascia during task execution.
Results
All participants were male, right-hand dominant in the lower limb, aged 22.76 AE 1.8 years, and 1.74 AE 0.5 m tall. The participants' body mass index (BMI) was 23.95 AE 1.33 kg•m
À2
. Intrasubject reliability for the fascia displacement model was 0.903 [confidence interval (CI) 95%; 0.782-0.962], with P < 0.001 and a variation coefficient of 30 AE 15%. The intrasubject reliability for the pelvis ROM was 0.781 (CI 95%; 0.509-0.914), with P < 0.001 and a variation coefficient of 30 AE 16%.
Reliability between manual tracking and tracking with the Lucas-Kanade pyramidal algorithm was 0.973 (CI 95%; 0.993-0.989; P < 0.001). Using the Bland-Altman plot, an average difference of 0.034 mm was observed between the two methods, with an according percentage of < 0.95%. Lucas-Kanade template tracking reliability for determining the maximum inclination of the pelvis during task execution was 0.967 (CI 95%; 0.917-0.987; P < 0.001). An average difference of 0.879°was observed with the Bland-Altman plot between both methods, with an according percentage of < 0.95%.
The maximum average displacement of all of the individuals was 1.501 AE 0.78 mm, and the average maximum range reached by the pelvis during the retroversion-anteversion cycle was 6.55 AE 2.47° (Fig. 3) .
The result of normalized simple linear regression for each 10% of the total cycle between fascia displacement and the pelvis ROM for the three task executions of the 17 individuals was r = 0.791 (P < 0.001). The relationship between the maximum range of anteversion and the maximum pelvis displacement in the individuals was r = 0.620 (P > 0.001; Table 1 ).
Discussion
An important step towards understanding distant myofascial tissue connectivity is to validate measurement methodology. The present model of myofascial connectivity over a distance between the pelvis and leg showed good reliability. To the authors' current knowledge, this study is the first to suggest a high correlation between pelvis motion and the displacement of the MG fascia BMI, body mass index; DF, displacement of the fascia; HE, hamstring elasticity; MGE, medial gastrocnemius elasticity; RP, range of motion of the pelvis. *P < 0.05. during anteversion. Although other studies have confirmed an in vivo transmission of myofascial force, for example between the soleus and gastrocnemius (Bojsen-Møller et al. 2010; Huijing et al. 2011) , studies that show the degree of myofascial tissue connectivity over a distance are scarce (Carvalhais et al. 2013) . While some authors have unsuccessfully attempted to demonstrate connectivity between pelvic motion and the position of the ankle (Mitchell et al. 2008 ), these studies have not directly evaluated fascia motion.
Key anatomical points involved in fascial connectivity
The gastrocnemius is surrounded by the deep fascia on the superficial surface, but this fascia presents few important insertions. This is contrary to what occurs with the fascia covering the deep face, which is intimately connected with the aponeurosis of the muscle (Saraph et al. 2000; Blitz & Eliot, 2007; Fig. 4) .
Moreover, there are anatomical anchoring points key to understanding the present study, including: (i) the juncture between the sacrotuberous ligament and the myofascial complex of the hamstring muscles (Fig. 5); (ii) the juncture between the hamstring and gastrocnemius through the deep fascia in the popliteal region (Latarjet & Ruiz-Liard, 2004) ; and (iii) the juncture between the gastrocnemius and soleus through multiple fascial insertions and connections. This final point represents the closest bond within the inferior myotendon, a point at which both aponeuroses join and continue with the Achilles tendon (Fig. 6 ). These three anchoring points provide an anatomical background for explaining the deep fascia displacement of the MG during the pelvis anteversion observed in the present study. This observation contributes to comprehending the anatomical mechanisms involved in force transmission between the pelvis and the legs.
Functional implications
A high correlation between individuals with a higher pelvis ROM and deep fascia displacement of the MG was found. This correlation is confirmed by Barker & Briggs (1999) , who produced a model suggesting that fasciae in the thoracolumbar region facilitate a charge transfer between the legs and the trunk. A long portion of the biceps femoris, which continues with the sacrotuberous ligament and thoracolumbar fascia, would provide for this transmission of force (Vleeming et al. 1995) . Likewise, this concept can be complemented by observations made by Carvalhais et al. (2013) , who empirically demonstrated the transmission of myofascial force over a distance, for example, between the latissimus dorsi and contralateral gluteus maximus.
The current observations showed that hamstring flexibility is related to a lower anterior tilt of the pelvis (r = 0.544, P < 0.024) and lower deep fascia displacement of the MG (r = 0.449, P < 0.042). This result is consistent with previous studies in which hamstring muscle shortening is related to decreased motion amplitude in pelvic anteversion and lumbar mobility (Gajdosik et al. 1994; Congdon et al. 2005; L opez-Miñarro & Alacid, 2010) , and it reinforces the concept of force transmission through synergistic muscle groups and grants new perspectives for the role of fasciae in restricting movement in remote zones.
From a functional point of view, fascial tissue connectivity over a distance would play an important role due to the association between deep fasciae and muscle, which uses both fasciae and tendon expansion for force transmission (Stecco et al. 2008; Benjamin, 2009) . Moreover, from a physiological point of view, this mechanism most likely serves as a mechanosensitive signalling system, as an analogous integration function to the nervous system (Langevin et al. 2004 (Langevin et al. , 2006 . Nevertheless, to confirm this physiological mechanism of force transmission in the musculoskeletal system, future studies should include similar study models in other A B The ROI selected with the ultrasound indicated the deep fascia partition between the soleus and the gastrocnemius (Fig. 4) . In turn, the hyperechogenic zone selected within the ROI indicated the connective tissue. This zone would automatically include the deep fascia partition and the aponeurosis. This final point is important to mention, as it was difficult to differentiate between the fascia and aponeurosis in the automatic ultrasound tracking analysis. While defining the hyperechogenic zone as fascia or aponeurosis is currently practical and accessible, the interpretation of the present study is that it is the fascia involved in the detected displacement.
On the other hand, different studies have registered displacement of the fascia using the same algorithm as in this study (Bojsen-Møller et al. 2004 Stenroth et al. 2012; Peltonen et al. 2013 ). Specifically, Bojsen-Møller et al. (2004) observed an average proximal displacement of 12.6 AE 1.7 mm of the MG deep fascia during maximum isometric contraction with an extended knee. The present study found a distal movement of the MG deep fascia of 1.501 AE 0.78 mm, corresponding to 11% of the total deep fascia displacement of the MG during maximum, voluntary isometric contraction.
The current study used 2D uniaxial tracking to monitor the passive stretching of the MG deep fascia during pelvic anteversion. This method was based on a recent study by Azizi & Roberts (2009) , who observed biaxial deformation of the aponeurosis in wild turkeys using high-speed biplanar fluoroscopy to track the deformation of the lateral gastrocnemius aponeurosis. They observed that as a passive force was produced, the aponeurosis only deformed in a longitudinal direction. This is consistent with uniaxial deformation; however, during active force, the aponeurosis stretches both longitudinally and transversely.
To the authors' current understanding, pelvic anteversion through fascial connections would only generate passive longitudinal movement in the deep fascia of the MG. This supposition is in line with recent findings by Andrade et al. (2015) who, using a model similar to that of the present study, found that while hip flexion decreased the range of movement in the ankles, it did not increase the electrical activity of the gastrocnemius and the soleus, suggesting that the restriction could be due to the fascial and neural tissues. Along these same lines, other studies have observed Fig. 6 Image showing the myotendinous junction between the gastrocnemius and its aponeurosis (white arrow). Below this is the formation of the Achilles tendon (black arrow). that hamstring stretching in cycling loads, as well as increased tension of the sciatic nerve, did not increase electrical activity in the hamstrings (Nordez et al. 2008; McHugh et al. 2012) . Considering the prior, it is probable that the movement recorded for the deep fascia of the MG in the present study is due to passive movement and not due to reflex mechanisms as a result of muscular stretching. However, it is important to stress that these findings were for asymptomatic subjects without central nervous system damage, a condition that would exacerbate the myotatic reflex (Powers et al. 1988; Sterling et al. 2001) .
Within the limitations of this study, it is important to mention that fascia displacement was measured only at the level of the MG. However, incorporating more than one ultrasound transducer allowed for simultaneously determining the fascia displacement of the hamstring and gastrocnemius. However, this only modelled the movement of the fascia over a distance, and further investigation is needed to evaluate the displacement of other tissues with this proposed model, such as in neural tissue. With regards to the marking protocol used in the present study, it is important to highlight that while certain criteria were used to diminish the STA, the final range of anteversion could have been greater than that observed when considering that reported by Hara et al. (2014) . In addition to this, it is worth mentioning that these results are replicable only in young subjects with a healthy weight because under other conditions the STA could generate a greater range of error than that managed by this study.
Conclusions
The findings of this study validate a simple and reliable model for assessing deep fascia displacement through pelvis anteversion. The results reaffirm and enforce the concepts of myofascial tissue connectivity. This reinforces the functional concept of force transmission through synergistic muscle groups and grants new perspectives for the role of the fasciae in restricting movement in remote zones.
